The Green Genes column focuses on biotechnology research and use of genetically modified (GM) plants for crop improvement, medical and veterinary biologics, alternative fuels, and environmental remediation. Genetically modified plants show promise for benefits to global health and environment. At the same time, biotechnology research and products must be safe for the environment (flora and wildlife), agriculture, and humans. This column will provide biosafety professionals with background information, reviews of current research, and interdisciplinary insight to inform biological risk assessment and institutional biosafety programs for plant research. Green Genes topics are broadly applicable, but will primarily focus on U.S. research settings and jurisdictions. Please e-mail any comments or suggestions to mmmaccree@ucdavis.edu, Co-Editor Barbara Johnson at barbara_johnson@verizon.net, or Co-Editor Karen B. Byers at karen_byers@dfci.harvard.edu.
Agrobacterium Background, Biotech Applications, and Biosafety
Examination of the transformation method is an essential element of GM plant risk assessment. This column provides a brief review and references for further exploration into the development, uses, and biosafety considerations for the gene transfer agent, Agrobacterium tumefaciens.
Agrobacterium tumefaciens is the causal agent of crown gall disease in plants (Escobar & Dandekar, 2003) . Virulence is a plasmid-borne trait in this gram-negative soil bacterium. The tumor-inducing (Ti) plasmid contains transfer DNA (T-DNA) and a suite of virulence genes essential for mobilizing T-DNA to plants. Gene products from the bacterial chromosome and plant host also play a role in plant infection and T-DNA integration (Tzfira & Citovsky, 2002) . Native T-DNA contains genes for uncontrolled plant cell growth and bacterial nutrients (opines), which stimulate Ti plasmid transfer (Piper et al., 1993) . The discovery that the T-DNA could be uncoupled from virulence genes (Hoekema et al., 1983) launched modern plant biotechnology. Most Agrobacterium tumefaciens used in current biotechnology applications are attenuated or "disarmed" (Gelvin, 2003) . The native disease-causing T-DNA is altered or deleted in disarmed strains, but the virulence operons required for gene transfer remain intact. Additional alterations to native virulence genes can produce nonintegrating or hypervirulent strains useful for biotech applications. Disarmed agrobacteria transfer T-DNA supplied by a binary plasmid (Lee & Gelvin, 2008) .
Agrobacterium is used for stable and transient plant transformation; the differences in these two approaches govern the risk assessment and containment strategies for experimental materials. The goal of stable transformation is usually GM plant production. Plant tissue is briefly exposed to bacteria, followed by tissue culture on selective media to encourage growth of transformed plant cells and eliminate bacteria. Transformed cells are cultured into whole plants or maintained as cell suspension. Multiple T-DNA insertions within the genome are common in experimental systems, and transfer of T-DNA can be incomplete or include extraneous plasmid sequences (Gelvin, 2003; Lee & Gelvin, 2008) . Thus, rigorous selection and characterization of many transformants are necessary for production of a GM plant line with all other significant agronomic qualities intact. Alternatively, floral-dip transformation of Arabidopsis thaliana, a small, fast-growing, self-fertilizing plant, offers an efficient approach to plant production for basic science research (Radhamony et al., 2005) . In this technique, which does not require plant tissue culture, flowers are dipped in Agrobacterium solution and allowed to produce seed. The seed is germinated on selective media to yield a library of T-DNA insertion mutants.
Agrobacterium is also useful in transient applications where the primary goal is in planta expression, not GM plant production. Agrobacteria are introduced to plant cells or tissues via spray, dip, or physical pressure; integration of T-DNA may occur, but transformed cells are not manipulated into whole plants. The vector agents may or may not be eliminated from plant material depending on the experimental goal. Though transient expression is commonly used for preliminary testing of gene constructs and plasmids in GM plant research, viral technologies are increasingly popular in research and industrial applications. Agrobacterium can be used as a vector for recombinant plant viruses in gene silencing (Caplan & Dinesh-Kumar, 2006 ), viral expression (Gleba et al., 2007) , or pathogen studies (Wang et al., 2009 ). Viral cDNAs are cloned into binary vectors and transferred to plants as T-DNA. Viruses transcribed from T-DNA multiply and spread cell-to-cell; expression is transient and does not require genetic transformation of plant cells to achieve the desired phenotype. The "magnification" technique described by Marionnet et al. (2005) exploits bacterial, viral, and plant-based strategies in an integrated system for robust heterologous expression. Agrobacteria provide the plant infection mechanism and the recombinant virus is responsible for replication, expression, and movement of gene products in plants; these transient expression tools are combined with stably transformed host plant lines modified to facilitate bacterial infection and viral movement. Additional plant host modifications to inhibit integration of T-DNA can prevent genetic
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University of California-Davis, Davis, California transformation while still allowing agrobacteria and viral vectors to drive heterologous expression throughout the plant. Most plant viral vectors are replication-competent, eventually reverting to wildtype virus and being eliminated by the plant. Thus, parent viruses which cause minimal host disease are preferred as expression tools. Biosafety enhancements may include separation of multi-partite genomes on different plasmids and attenuation of genes required for transmission.
Risk Assessment and Containment
General principles of risk assessment and containment for agrobacteria apply equally to wildtype and disarmed GM strains. Inadvertent contamination of common supplies may impact research objectives and plant health in shared facilities. Though disarmed strains do not pose an immediate threat of plant disease upon release, unauthorized release of GM organisms can have unknown or highly adverse effects on local ecology, plant health, and agricultural commerce. For these reasons, use and transfer of wildtype and GM Agrobacterium are regulated in the United States (USDA, 2013).
Host Range and Cell Types Affected
While some species of Agrobacterium target specific plant hosts (e.g., A. vitis), strains of A. tumefaciens used in research tend to have broad host range and ability to infect most plants. Agrobacteria selectively infect actively growing dividing plant cells found in seedlings, flowers, and expanding root tips. Disease (i.e., gene transfer) tends to be limited to infected cells, though bacteria can establish systemic infections in perennial plants (Kluepfel et al., 2010) . Plants are the natural hosts for Agrobacterium; other organisms can be transformed under experimental conditions (Lacroix et al., 2006) . While Agrobacterium can cause opportunistic infections in humans (Giammanco et al., 2004) , this risk group one bacterium presents little hazard to healthy adults.
Reservoir and Routes of Infection
Routes of infection and transmissibility of Agrobacterium vary depending on host and environmental factors. Agrobacterium can persist in the environment or colonize plants as a latent (symptomless) pathogen, with or without a virulence plasmid. Agrobacterium, like most bacterial plant pathogens, requires a physical route of entry and is most commonly transferred through physical wounding of plant tissues. Invertebrate (nematode) feeding and contaminated tools can be incidental routes of infection.
Containment Considerations
Work with Agrobacterium is usually conducted in a BSL-1 laboratory, or following BL1P guidelines in greenhouses or growth chambers (NIH, 2013; Adair & Irwin, 2008) . Use of infectious viral constructs may necessitate higher containment. Bacteria should be contained or elimi-nated from plants before transfer to greenhouses. Potentially contaminated materials and effluent should be identified, controlled, and disinfected to assure effective containment of experimental materials. Sanitation of work areas or dedicated tools may be used to avoid transmission of viable bacteria or viral vectors among co-located plants. Administrative controls are essential to assuring containment and identity of experimental materials; microbial agents and genetic modifications aren't usually apparent in plants or seed. Effective administrative controls include: labeling and tracking systems for experimental plants in use and storage, signage for labs and greenhouses, and worker training in practices required for containment of microbial agents in growth chambers and greenhouses. Pest monitoring and control programs are recommended for all levels of microbiological laboratories and greenhouses (HHS, 2009; NIH, 2013) . Kleczewski and Egel (2013) provide an excellent resource summarizing standard phytosanitary practices for greenhouses.
Considerations for Biotechnology Applications
Use of Agrobacterium for GM plant production generally is confined to tissue culture in the laboratory where plant transformations are performed. Techniques to detect and eliminate contaminating agrobacteria vary according to plant transformation system. Agrobacteria are commonly eliminated through use of antibiotics in selection of transformed plant tissue. Also, plants may be allowed to make seed for a second generation of bacteria-free plants with stably inherited gene integration events. Risks associated with downstream use of transformed plants in greenhouses or outdoors must also be evaluated according to each plant host and environment.
Risk Assessment
Risk assessment and containment for transient applications focuses on the microbial agents in use; infectious microbial agents or large volumes of materials may elevate containment requirements. Some agrobacteria used for plant transformation are hypervirulent or retain wildtype T-DNA for uncontrolled plant cell proliferation. Genes cloned into binary plasmid vectors do not usually alter pathogenicity of Agrobacterium unless the cloned genetic material is infectious (e.g., recombinant virus). The discrete host range of plant viruses and viral vectors may offer options for effective containment (i.e., host exclusion) and many broad host range viruses are attenuated to reduce potential for transmission. If inherent biological controls cannot assure containment of microbial agents, physical exclusion of invertebrate vectors or susceptible plant hosts may be advisable.
Putting It All Together
Revisiting the triangle paradigm, effective biosafety controls for Agrobacterium-mediated plant transformation are primarily ensured by attenuation of Agrobacterium (agent) and limiting potential plant pests to the laboratory (environment). If applications involve presence of infectious or GM microbial agents in proximity to susceptible plant hosts in permissive environments such as greenhouses and growth chambers, additional physical or biological barriers should be employed to ensure containment. Knowledge of Agrobacterium and its use in research is the first step in forming a meaningful risk assessment for many biotechnology applications. Future issues of Green Genes will examine how plant host and environment factor in risk assessment and containment for GM plants.
Biosafety Controls for Work with Agrobacterium and Plants • Standard microbiological practices for BSL-1 laboratories • Phytosanitary practices for plant growth areas:
Controlled or captured run-off (if contaminated) Disinfection for shared supplies (dedicated tools may be advised) Appropriate waste receptacles with sealable lids Terminal inactivation of plant materials and bacteria • Ability to identify the responsible individual, materials in use, and any special requirements for handling or care (e.g., SOPs, labeling, signage) • Incident response procedure including regulatory notification protocols • Personnel training program for greenhouse access and use.
